of their resources. According to Kaczor and Bugajski [4] , thaw waters in winter represent 43-70% of daily inflow to a treatment plant, reducing the mean daily temperature of wastewater by 2-3ºC, and thus have a negative effect on certain processes, including nitrification. Apart from catching and draining the waters, the possibility of their subsequent reuse should also be ensured. Therefore, the basic principle for rainwater management in urban areas is managing rainwater at a place of its origination, so it cannot become precipitation wastewater. The best method for managing rainwater is its treatment, e.g., by temporary retention, and then its introduction into the ground by infiltration [14] [15] [16] [17] [18] . These solutions are often considered "best management practices" [19] . Therefore, currently the role of facilities for rainwater management in urban areas steadily increases in importance. With the correct selection of a filtration material, pollutants in water from stormwater will be stopped during the infiltration process, for example due to the presence of microorganisms in a bottom sediment layer. The facilities described above include retention-infiltration basin reservoirs. Solutions of this type have been implemented in water and wastewater management throughout the years [12, 20] .
This study focuses on the problem of draining and treating stormwater from contaminated traffic surfaces. The main aspect of this report is an attempt to describe interactions between pollution indicators present in rainwater, and an attempt to generalize the factors affecting quality of this water in retentioninfiltration basin reservoirs. This issue remains relatively understudied in facilities of this type. For this purpose we applied the standard technique of principal component analysis (PCA), which is commonly used in studies on interactions between pollution indicators in rivers [21] [22] [23] [24] , eutrophication process in lakes [25] , and interactions between macroinvertebrates and water quality in rivers [26] . PCA has been successfully applied to sort out hydrogeological and hydrogeochemical processes from commonly collected groundwater quality data. The PCA technique is very useful in the analysis of data corresponding to a large number of variables, as it produces easily interpretable results. This method has been for years successfully used in hydrochemistry, surface-, and groundwater quality assessment and environmental research employing multi-component techniques [27] [28] . PCA is used to search for new abstract orthogonal eigenvalues that explain most of the data variation in a new harmonized structure. Each principal component (PC) is a linear combination of the original variables and describes different source of information by eigenvalue based on the decomposition of the covariance/ correlation matrix [29] . PCA is designed to modify the observed variables into uncorrelated variables of linear combinations of the original variables, or PCs. This method is used to investigate the factors that caused variations in the observed datasets [29] .
The aim of this paper was to evaluate the effectiveness of pollutant removal from stormwater in a retentioninfiltration basin and retention reservoirs located near roads. Two types of facilities were analyzed in this study: a retention-infiltration basin reservoir in Kraków, and retention reservoirs located along the Kraków-Tarnów main road and associated with light liquid separators.
Material and Methods

Description of Studied Facilities
Retention-Infiltration Basin in Kraków
The studied facility is located in an urban and industrial part of the city. The reservoir location and shape, as well as the surface area of its basin, are determined by a railway embankment to the northwest, traffic grounds to the northeast and north, and undeveloped wasteland covered with bushes and single trees to the southwest. Its catchment area is mainly of an urban nature, characterized by the presence of impermeable surfaces, including asphalted carriageways, pavement, railway tracks and switches, and surfaces under buildings. Permeable surfaces are mainly represented by grasslands, wasteland covered with bushes, and cultivated land planted with vegetables. No stormwater drainage system has been installed in the analyzed area. The drained land is characterized by the presence of subcatchments with a varying surface runoff index. Total surface area of the retention-infiltration basin reservoir catchment area was 33.29 ha, with an average slope of 2.71%. Average impervious cover in this catchment is 74.2%.
A complex of facilities for intake, transport, storage, and treatment of precipitation wastewater flowing from the catchment area consists of ( The retention reservoirs are located along the Kraków-Tarnów road (Fig. 2) . They are rectangular in shape, with slopes inclined at 1:1 and 1:2, secured with layers of geotextile, humus (15 cm), coarse sand (15 cm), geomembrane, and another layer of coarse sand (10 cm) . The chambers at their inlets were reinforced with road slabs of reinforced concrete. The active capacity of the studied reservoirs does not exceed 400 m 3 . The catchment areas draining into the reservoirs are of a total area of 21.78 ha on average, with the sealed surface covering 2.50 ha on average.
Additional facilities connected with the reservoirs are separators (installed upstream of the reservoir inlet) that separate petroleum substances from stormwater. Roadside ditches act as receiving bodies.
Study Methods
Samples of storm-and thaw-water runoff from traffic areas were collected from the end of March 2013 to May 2014. Sampling frequency was once a month. The samples were collected from the retention-infiltration basin reservoir in Kraków and from three Retention reservoirs along the Kraków-Tarnów main road in southern Poland. At the facility in Kraków the analyses focused on stormwater collected from a basin of the retention and infiltration reservoir, and from a piezometer installed downstream from the complex of treatment facilities. For the main road, analyses covered samples of stormwater collected from the retention reservoirs mentioned above.
The collected samples underwent physical and chemical analyses at the laboratory for the following pollution indices: COD, total suspended solids, sulphates, chlorides, phosphorus as orthophosphate, ammonium nitrogen, ether extract, and total iron, cadmium, zinc, copper, chromium, and lead. During each sampling, water temperature was measured directly on the spot. Furthermore, pH was determined at the laboratory.
Additionally, heavy metal content in bottom sediments was analyzed for the reservoir in Kraków. Sediments were collected from the top layers using a bucket especially designed for this purpose. Five and four measurement series of heavy metal levels were conducted for wastewater and for bottom sediments, respectively. Total suspension was determined with the weighted method, BOD 5 by defining oxygen concentration with the Winkler method at the beginning of the measurement. After 5 days of incubation COD was measured with a Spectro3Photometer, chlorides were determined by titration, and heavy metals using the atomic spectrophotometric method ASA. In the case of spectrophotometric methods for COD, nitrogen and phosphorus determination and tube tests were used and the measurements were conducted using calibrated devices.
The laboratory test results were analyzed statistically, with mean, minimum, maximum, standard deviation and coefficient of variation calculated for each index separately. These calculations were performed separately for individual collection points.
An analysis of main components was conducted to establish possible interactions between pollution indices in the Kraków reservoir. Such an analysis is very useful for a large number of correlated variables. The observed variables are transformed into a new set of uncorrelated variables. This way the number of variables is reduced, and a structure and general regularities in their interactions can be determined, while the studied items are described and classified in a new space defined by new factors.
An initial point for an algorithm used to analyze the main components is development of the input data matrix defined as: (1) … where x ij is a value of the jth variable in the ith object. Then the variables are presented as a linear combination of main components: (2) …where: Z = [z ji ], or standardized observation matrix (m x n), where z ji is a value of the standardized jth variable On the basis of the determined eigenvector and its corresponding eigenvalue, the factors of the first main component were calculated: (5) …where w 1 = [w j1 ] vector (m x 1), with factors of the first main component as elements. Thus, the factor of the first main component in the equation of jth value was calculated from the formula: (6) Values of factors of the second main component are determined analogically to the first one [30] . When factors of the main components were determined, the values of the main components were established for individual objects. Statistical analysis were performed with significance level 5%. , total suspended solids -59.0 mg • dm -3 , chlorides -146.8 mg • dm -3 , ammonium nitrogen -1.3 mg • dm -3 , and ether extract -3.5 mg • dm -3 . Higher values were observed for phosphates. The pollutant levels in the retention-infiltration basin reservoir are determined by their sedimentation and mineralization, with participation of plants covering slopes of the conductor and the reservoir.
Results and Discussion
High levels of total suspended solids were observed in the reservoir following a long period of rain. This rainfall resulted in stormwater from the catchment area directly into the retention-infiltration basin reservoir, together with pollutants carried in it. It should be noted that during autumn months, when plant coverage of the catchment area is scarcer, surface runoff associated with rainfall increases erosion and washing out of some soil material, and, in consequence, significant quantities of those contaminants are carried into the reservoir. Higher levels of suspended solids also were present in the reservoir during spring and summer months, resulting from an intense runoff from the direct catchment area of the reservoir and flow of polluted wastewater from reduction chambers following heavy rainfalls. An increase in levels of total suspended solids in groundwater is mainly caused by washing off soil mineral components during infiltration. According to Kandra et al. [31] and Pedretti et al. [32] , sediment concentration in stormwater is a significant parameter affecting hydraulic and treatment performance, eventually affecting longevity of these stormwater treatment systems. In the spring and summer season, a rise in COD values is also observed. The mean COD was 120.6 mg•dm -3 in the period from March to July, and 101.6 mg•dm -3 from August to February. This situation may be caused by the increased surface runoff from the direct catchment area of the reservoir. The exceptionally high COD value of 452.5 mg•dm -3 may be a consequence of high air temperatures, which could have led to decomposition of organic matter accumulated on the reservoir bottom; with low oxygen values this process could result in high values of that indicator.
The presence of chlorides in stormwater is usually caused by use of their significant quantities to maintain roads in a good condition during winter [3] . Chloride concentration increase in catchments with relatively small amounts of urban land may be influenced by road salt, but may also be a result of other sources such as agricultural runoff, which is another potentially important source of chlorides in rural catchments [33] . Elevated salt concentration may also negatively impact aquatic life by decreasing biodiversity, increasing mortality rates of tadpoles, and decreasing the overall health of organisms [34] [35] . Therefore, the highest values were observed in winter and during spring thaws. High values are present only in the reduction chambers directly supplied by runoff from roads. These values decrease significantly with wastewater flow through successive devices used for its treatment. Frequently, a slight increase in groundwater chloride levels was also observed. For chlorides present in samples of wastewater collected from the reservoir, a tendency for their higher levels during the spring and summer period is observed, versus the other months. This is influenced by reservoir supply from the direct catchment area. In spring this runoff carries a significant load of chlorides accumulated in the snow following treatment related to maintaining traffic flow on roads in winter. Similar to phosphorus, the highest nitrogen levels are observed after long periods of rainfall, when it is carried into the reservoir with the runoff from the direct catchment area. In the samples of wastewater collected from the reservoir, the values of analyzed pollution indicators were characterized by a more stable course in time; and this is a consequence of treatment processes occurring upstream at the reduction chambers. The presence of heavy metals inhibiting nitrification processes in infiltrating wastewater, together with a short wastewater retention time in the ground, may be a cause for an increase in ammonium nitrogen levels during infiltration. During the infiltration process, a slight increase in phosphate levels is observed, caused by washing off from the ground of this form of phosphorus, accumulated on particles of suspended solids. It is also a consequence of too short a retention of wastewater in the ground bed, which does not promote absorption of this indicator. Absorption is also hindered by a particle size distribution in a deeper layer of the bed, which does not contain a sufficient quantity of the floatable fraction.
When analyzing cadmium levels in the reservoir and in groundwaters, it should be noted that they were similar, at a level of 0.0012 mg•dm -3 for groundwaters and of 0.00022 mg•dm -3 for water collected from the reservoir. However, no notable reduction in cadmium levels by infiltration was observed, as this metal was present in its soluble form. The mean lead level in the reservoir water was 0.0043 mg • dm -3 . During infiltration, wastewater lead levels gradually rose, and in the samples of groundwater collected from piezometer 2 it reached 0.010 mg • dm -3 . This situation resulted from the fact that lead, usually present in its bound form, was accumulated in the bed already at relatively shallow levels. Other analyzed heavy metals, including zinc, copper, and chromium, showed similar tendencies as cadmium and lead discussed above. Table 2 shows heavy metal contents in analyzed bottom sediments, as compared with acceptable values for their use for agricultural purposes or for rehabilitation of grounds, as provided for in the Regulation of the Minister of the Environment of 6 February 2015 [36] .
Comparing heavy metal levels in sediments from the retention-infiltration basin reservoir with the regulation quoted above, it can be seen that they can be used for agricultural purposes without posing a threat to soil and groundwater quality.
For the retention reservoirs located by road No. 4, very high chloride levels should be noted, with their mean value of 2,244.0 mg•dm -3 , and their maximum value of 5,762.0 mg•dm -3 (Table 3) . Chlorides are carried to the studied reservoirs with stormwater from the dual carriageway during thaws, and their presence results from operations aimed at maintaining traffic flow during periods of frost.
Similarly, significant quantities of suspended solids in waters of the studied reservoirs can also be explained by the influence of road traffic. When comparing results presented in Tables 1 and 3 , it can be noted that in the reservoirs located by the main road the levels of analyzed pollution indicators were several times higher versus those observed in the retention-infiltration basin reservoir. This situation results for two reasons. First, the level of road traffic was higher on the main road versus Półłanki street; the studies there showed a strong correlation between the level of road traffic and levels of suspended solids in stormwater. The second reason was a lack of facilities for initial removal of suspended solid from runoff upstream of the retention reservoirs. When determining processes occurring in rainwater reservoirs, an analysis of interactions between indicators characterizing a given pollution is of importance. This knowledge would allow for developing a model for pollution transformations in facilities for treatment of stormwater. In this paper, an analysis of PCA was used, which is still relatively rarely used in analyses associated with widely understood water and wastewater management, particularly in Poland. The analyses did not include heavy metals and ether extract due to an insufficient number of collected samples. The first step in the analysis is to determine coefficients of correlation between the analyzed parameters. Table 4 presents a correlation matrix for the analyzed pollution indicators in waters of the retention-infiltration basin reservoir in Kraków. The data presented in the table indicate that COD is most strongly correlated with ammonium nitrogen, and total suspended solids most strongly correlate with mineral suspended solids and phosphates. A similar situation was observed for mineral suspended solids, while chlorides most strongly correlated with all forms of suspended solids and with phosphates. The presented table shows that water of the studied reservoir contained groups of pollutants representative for evaluation of overall interactions between various chemical indicators.
An analysis of eigenvalues presented in Table 5 shows that 2 components can be generated from all factors. The first of them contributes more than 57.4% of information. Together, the first two components explain 80.9% of variations in the analyzed variables.
To make a final decision concerning the number of main components on which the further analyses would focus, the scree criterion was used. For this purpose, the scree plot was developed (Fig. 3) . The figure shows that the scree starts with the 2 main components which, together with previous components, explains more than 80.0% of total information resources of the input variables. Thus, 3 factors were considered in further analyses.
The calculation results of resources of a common variable are shown in Table 6 . According to that table, Factor 1 brings the largest amount of information about suspended solids, chlorides, and phosphorus as orthophosphate. Factor 2 additionally brings information about COD and ammonium nitrogen.
The conducted analysis is summarized in the plot with configuration of points representing Factors 1 and 2 (Fig. 4) . The conducted calculations showed that the total variance was explained in more than 57.0% by Factor 1, in nearly 33.0% by Factor 2.
For the chart plotting Factors 1 and 2 (Fig. 4) Table 5 . Values and cumulative eigenvalues of the principal components and percentages and cumulative percentages of the total variance. Fig. 3 . Eigenvalues of the correlation matrix.
COD. Additionally, the vectors for COD and ammonium nitrogen were arranged along the same lines, but on the opposite sides in relation to a center of the coordinate system. This means that these variables were maximally negatively correlated, and their coefficient of linear correlation was -1. COD, ammonium nitrogen, and chlorides did not correlate with any other indicators. Furthermore, COD and ammonium nitrogen vectors were perpendicular to each other, proving that there was absolutely no correlation between these variables.
The conducted analysis of the main components allowed us to determine two principal components describing interactions occurring in the retentioninfiltration basin reservoir. This analysis may be an introduction to further statistical conclusions based on a smaller number of variables (principal components), which additionally meet a postulate of independence, and this is of particular importance, e.g., in regression models.
Conclusions
The performed analyses allowed us to draw the following conclusions: -COD, suspended solids, and chlorides play a dominant role in quality of stormwater from the traffic areas. -Chloride levels in runoff are significantly influenced by season due to the use of chloride-containing products for fighting black ice on roads. -Levels of total suspended solids in collected samples result from accumulation of dusts and mineral contaminations in the catchment area, which are washed away during heavy rainfall. The suspended solid levels are also influenced by surface runoff in the direct catchment areas of the reservoirs. -Following the infiltration of precipitation wastewater, a slight increase in total suspended solids and ammonium nitrogen and phosphorus compounds was observed. This is caused by washing of mineral suspended solids and phosphates from the bed, and inhibiting the effect of heavy metals. However, no notable reduction in heavy metal levels by infiltration is observed due to various solubilities of those indicators in water. -High levels of pollutants in the reservoirs located by road No. 4 result from a higher level of traffic on the main road versus the street at which the retention-infiltration basin reservoir is located, as well as from a lack of facilities for the initial removal of suspended solids from runoff upstream of the retention reservoirs. -The analysis of principal components conducted for wastewater collected from the reservoir in Kraków-Bieżanów showed that processes occurring in it were determined by two main components, bringing in nearly 80.0% of all information about interactions between the pollutants. According to that analysis, Factor 1 brings the largest amount of information about suspended solids, chlorides, and phosphorus as orthophosphate. Factor 2 additionally brings information about ammonium nitrogen and COD. Fig. 4 . Configuration of points representing factor variations. Table 6 . Values of common variable resources.
